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Abstract. 

In this note we report on some new results [X] on corrections to the Casimir- 
Polder retardation force due to atomic motion and present a preliminary 
(unpublished) critique on one recently proposed cavity QED detection scheme of Unruh 
effect |2| . These two well-known effects arise from the interaction between a moving 
atom or detector with a quantum field under some boundary conditions introduced by 
a conducting mirror/cavity or dielectric wall. 

The Casimir-Polder force is a retardation force on the atom due to the dressing 
of the atomic ground state by the vacuum electromagnetic field in the presence 
of a conducting mirror or dielectric wall. We have recently provided an improved 
calculation by treating the mutual influence of the atom and the (constrained) field 
in a self-consistent way. For an atom moving adiabatically, perpendicular to a mirror, 
our result finds a coherent retardation correction up to twice the stationary value. 

Unruh effect refers loosely to the fact that a uniformly accelerated detector feels hot. 
Two prior schemes have been proposed for the detection of 'Unruh radiation', based on 
charged particles in linear accelerators and storage rings. Here we are interested in a 
third scheme proposed recently by Scully et al |3| involving the injection of accelerated 
atoms into a microwave or optical cavity. We analyze two main factors instrumental 
to the purported success in this scheme, the cavity factor and the sudden switch-on 
factor. We conclude that the effects engendered from these factors are unrelated to 
the Unruh effect. 
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1. Introduction 

In this short note we report on some new results and present some thoughts on two well- 
known effects arising from the interaction between a moving atom or detector with a 
quantum field. The Casimir-Polder force j2] is a retardation force on the atom due 
to the dressing of the atomic ground state by the vacuum electromagnetic field in 
the presence of a boundary (e.g., a mirror or a cavity). We set forth to improve on 
existing calculations by treating the mutual influence of the atom and the (constrained) 
field in a self-consistent way. This is in order to maximally preserve the coherence of 
the combined system, which is a highly desirable if not critically demanded criteria 
for quantum computer designs. Since a self-consistent treatment requires backreaction 
considerations, the atom's motion should be included to account for the full effect of 
the field on the atom. For an atom moving adiabatically, perpendicular to a mirror, our 
recent result finds a coherent retardation correction up to twice the stationary value pQ. 

The Unruh effect [3] described colloquially states that a uniformly accelerated 
detector (UAD) feels hot at the Unruh temperature. There are at least three classes 
of detection schemes proposed. One based on charged particles in linear accelerators 
purports to measure at a distance the radiation emitted from the UAD |5]| . Researchers 
have commonly agreed that a uniformly accelerated detector does not emit radiation. 
(See, e.g., [HI El El UH1 EU U2j and references therein). If there were emitted radiation it 
would have to be from nonuniform acceleration and treated by nonequilibrium quantum 
field theory concepts and techniques (THl Ej. But these are not the Unruh effect. 
Detection of Unruh effect in storage rings has earlier been proposed Even though 
acceleration in the circular case shares some features with linear acceleration which is 
what Unruh effect entails, there are basic differences between these two cases. For one, 
in circular motion acceleration comes from changes in the direction, not in the speed. 
Controversies of its nature and viability remain [Tfij . 

Recently a detection scheme has been proposed by Scully et al [4 involving the 
injection of accelerating atoms into a microwave or optical cavity. It is this scheme which 
we wish to discuss here. We first identify the main working parts in this scheme and 
then analyze their effects and relevance to the Unruh effect. The main factors we shall 
consider here are a) the effect of cavity fields on the accelerating atom in the emission 
of photons and b) the effect of sudden switching on of the atom - field interaction from 
the injection of atoms into the cavity. For the cavity factor we find that a thermal 
distribution of the photons in the cavity should not be identified as a manifestation 
of the Unruh effect. As for the sudden switch-on effect, photons are produced from 
the nonadiabatic amplification of vacuum fluctuations (similar to cosmological particle 
creation [IZj), but not from the atom's uniform acceleration (analogous to Hawking 
radiance in black holes [T%]). 

Note that in both effects there are three dynamical variables: the internal degrees 
of freedom (dof ) of a detector - a two level system, the external degrees of freedom - the 
center of mass (COM) of the detector/atom in motion, and the quantum field (scalar 
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or electromagnetic) under some constrained condition imposed by the presence of the 
mirror or cavity. (One can easily extend this class of problems to cases where the mirror 
is in motion PHJ IH| giving rise to dynamical Casimir effects j20] and analogs of Hawking 
effect [IB] hi quantum black holes.) In Casimir- Polder effect it is the external dof - the 
COM - of the atom interacting with the field modes altered by the mirror which are of 
interest, whereas in the Unruh effect, as the trajectory is prescribed, it is the internal 
dof of the detector/atom and the field correlations which are of interest. A more obvious 
difference is, of course, the atom in Casimir-Polder undergoes nonrelativistic motion, 
whereas it is the uniform acceleration engendering an event horizon which gives the 
distinct thermal feature in the Unruh radiation. But ultimately these are only different 
regimes and manifestations of the same set of problems related to the kinematic and 
boundary effects on the quantum vacuum. We deliberately bring these two effects into 
the same discussion so as to stimulate stronger cross fertilization between these two 
apparently disparate fields, namely, quantum/atom optics and quantum field theory in 
curved spacetime It is the belief of one of us that many fundamental effects in 

the latter discovered theoretically in the 70's may find verifications in the experimental 
schemes of the former. What is more interesting is that there is plenty of room in 
their intersection for asking new sets of questions pertaining to the (nonequilibrium) 
statistical mechanical properties of the quantum vacuum as influenced by moving 
atoms, detectors, mirrors or background fields such as vacuum viscosity due to particle 
creation [2UI221I2H], vacuum friction due to atom motion [2UES], quantum noise under 
exponential red-shifting fZfi\ EZ], field correlations in spacetimes with event horizons 
^31211 and entanglement and teleportation with non-inertial observers fZ§\ HUj. 

This paper is evenly divided into two parts: Sections 2, 3 deal with the correction 
to the Casimir-Polder effect due to atom motion, Sec. 4 summarizes the main features 
of Unruh effect, Sec. 5 discusses the scheme of Scully et al for the detection of Unruh 
effect by accelerating atoms in a cavity. 

Part I: Casimir-Polder Effect 

Recent experiments jHHJ EH] have reported on the measurement of the Casimir- 
Polder (C-P) retardation force [2|, which is a retardation force arising from the quantum 
modification of the electrostatic attraction of a polarizable atom to its image in the wall. 
In its usual interpretation the retardation force arises from the dressing of the atomic 
ground state by the vacuum electromagnetic field (EMF) in the presence of a boundary. 
With this interaction, the ground state of the combined atom-EMF system is no longer a 
product of the separate free ground states, but is instead an entangled atom-EMF state. 
The retardation force originates from the quantum correlation between two interacting 
systems (or, if one of them is of less concern in the observation, one system S - such 
as the atom, and its environment E - the quantum field). Another manifestation is 
colored noise from the coarse-grained quantum fields. To follow the quantum correlations 
between S and E, we need to adopt a method which can maximally preserve the quantum 
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Figure 1. The force between an atom and a wall is a combination of the electrostatic 
force, the Casimir-Polder retardation force, and the correction to the retardation as 
described here. 

coherence in treating the S and E interaction consistently. 

The state-of-the-art derivation [321 EHl Ell °f the Casimir-Polder retardation force 
is by calculating the gradient of a spatially dependent dressed ground state. Here we 
report on a rederivation pQ of the C-P retardation force given in terms of the recoil 
associated with the emission and reabsorption of virtual photons. While the gradient 
calculation of the force assumes a stationary atom, our method treats an atom that 
moves adiabatically. 

Our result in the stationary atom limit is in exact agreement with the Casimir- 
Polder force. In the case of an adiabatically moving atom, we find a coherent retardation 
correction up to twice the stationary value. The additional correction due to atomic 
motion can be understood as indicating that the dressed ground states for stationary 
and moving atoms are not the same, the difference arising from the Doppler shift of 
the EMF modes with respect to the conducting wall. That is, a moving atom is in a 
Doppler shifted vacuum, so its dressed ground state is altered from the stationary one. 
In addition, what is usually pictured physically in terms of a gradient force is explained 
here in terms of the recoil associated with emission and absorption of virtual photons. 
I This provides a quantum field theory interpretation of the dipole force [3S| 

This work is relevant to applications in which atoms are trapped on the order 
of a resonant atomic wavelength near a surface. Examples include evanescent wave 
gravito-optical [SHI, microlens array [37], and magnetic chip trapping [SB]- Recent 
experiments have demonstrated the measurable effects of retardation on atomic motion 
near a surface [3111 EH]- Those effects will become more important as such applications 
become more refined. That is especially true when precision control over the motion 
of atoms is needed, such as the implementation of two-qubit gates in AMO quantum 
computer designs. 

| After our work £Q was published Professors Paul Davies and Gerard Milburn brought to our attention 
Pendry's work |24j on vacuum friction due to atoms moving near an imperfectly conducting surface. 
Pendry's interpretation of the force in his case is similar to ours here for the Casimir-Polder retardation 
force arising from the recoil of Doppler shifted emitted and absorbed virtual photons. Note atoms are 
moving parallel in Pendry's case whereas in ours they are perpendicular to the wall. 
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2. Approach 

We assume an atom placed near a conducting wall is initially in a factorizable state 
with the EMF vacuum. The combined system evolves according under the minimal 
coupling QED Hamiltonian in the dipole approximation, but without the rotating wave 
approximation 

H = 7^ + tuoS+S- + uj^IW + Hj = H + Hj. (1) 

k 

The operators S± are the up and down operators of the atomic qubit and uj is the 
atomic transition frequency. The operators bk and b k are the EMF mode annihilation 
and creation operators, and a; k are the frequencies of the EMF modes. The interaction 
Hamiltonian is made up of two parts Hj = Hn + H12, 

H n = tiJ2-7= [Pe g S+ + PgeS-] • [u k b k + U £b£] (2) 
ke V W k 

A 2 

H I2 = hJ2 [u k • uib k b! + u k • Ul (5 k i + 2b k b!) + 4 • u|b k b|] . (3) 

k i v WkW ' 

The vector p eg = (e\p\g) = — imuJo(e\r\g) is the dipole transition matrix element between 
the ground (g) and excited (e) states. The vectors u k (X) = e k / k (X) contain the photon 
polarization vectors ek and the spatial mode functions /k(X). The coupling constants 
are g = — ^J8n 2 ac/m 2 and A = 1 A.ix 2 fiac/m, with a being the fine structure constant. 
In the presence of a conducting plane boundary, the spatial mode functions of the 
EMF which satisfy the imposed boundary conditions are the TE and TM polarization 
modes |3U| . 

Uki(X) = ^/Jk|| x Z sin(A; z Z) e ik ii x (4) 

u k2 (X) = ^AI[fc||Zcos(A; z Z) - ifc z k|| sm(k z Z)}e^ x , (5) 

and their complex conjugates. 

The transition amplitude for the atom to move from some initial to final position, 
while remaining in the atomic ground state with the EMF in the vacuum is, 

K[X f - t + r, X,; t] = (X /; t + r| exp[-±- ff(s)ds] |X<; t) (6) 
for which the expectation value of the momentum operator is derived. 

x P f J dX,dX: K[P f ;t + r\X t ;t] tf(X t )**(Xj) K*[P f ;t + r|X^; t], 

with the normalization factor 
r dP r 

N = J (2^ /dXidX^P/^ + ^tl^W^TO^lP/^ + TlX^t]. (8) 
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The transition amplitude is evaluated as a path integral in which Grassmannian and 
bosonic coherent states are used to label the atomic and EMF degrees of freedom, 
respectively [JOl EU E3 ESI • The position and momentum basis are used for the atom's 
center of mass degree of freedom. The major approximation applied is a resummed 
2nd order vertex approximation. The 2nd order vertex approximation preserves the 
coherence of the combined system at long and short times, as it is a partial resummation 
of all orders of the coupling. The resulting transition amplitude is 

/ M \ 3 / 2 



A-[X /; t + r,X i; t]=(— ) exp{i/ t 



2h 



+ip; 



i* dr ? 



r 



3 -i(^k+^o)(s-r) 



A 2 



Uk(X°(s)) ■ u k (X°(r)) 



ds 



(9) 



-E -<(X°(s)) • u k (X°(s)) + 0(e 4 /M) 

k 

Assuming the position wavefunction of the atom is a Gaussian wavefunction centered 
at (R, P ) with the standard deviations (a, the force on the atom, which is the 
time derivative of the momentum expectation value is found to be 



F c (R,v,t + r) 



2niaohuiQ ^ k z cos 2 9 

k 



-2ik z -(R+Vr) 



L 3 



k 



k,cos 2 # r t+T 



L 3 



^k 



J T dg e -ik 2 -(2R+V(r+s-t)) 



(10) 



x 



e -i(w fc +w )(t+r-s) _ e i(w fc +w )(t+r-s) 



where «o is the static ground state polarizability. The mass of the atom has been taken 
to infinity and its extension to a point, while finite terms are retained to their effect on 
the dynamics. 



3. Results and Interpretation 

3.1. stationary atom 

The total force on a stationary atom is given by the sum of the correction force, while 
setting v = 0, and the electrostatic force. The stationary atom force exhibits a transient 
behavior when the atom first "sees" itself in the wall. Then, on a timescale of several 
atom-wall round trip light travel times it asymptotes to the following constant steady 
state value 

F sa R,r » 2R/c = e z ^-^ — - / — - - e" 2Rx / c . 11 

8n \oRJ RJo x 2 + Uq 

From Eq. (|TT| the potential which a stationary atom feels is easily found to be 

CUR) = -^(^) 2 ir^e--A, (12) 
8n VdR/ RJo x 2 + ujq 
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with asymptotic limits 



8tt R' 

which exactly reproduces the results from the energy gradient approaches 



3.2. moving atom 

The retardation force for a moving atom can be determined from Eq. (fTU|) by applying 
a separation of short time scale dynamics from long time scale dynamics analogous to 
standard methods for determining the dipole force on an atom in a laser beam |35j . 
There, assuming that the atom's position is constant on short timescales, the optical 
Bloch equations are solved for the steady state values of the internal state density 
matrix elements. On long time-scales the matrix elements are replaced by their steady 
state values and put into the Heisenberg equation of motion for the atomic COM 
momentum. Such a procedure is justified when the internal and external dynamics 
evolve on vastly different timescales. The analogous separation here will be of the short 
timescale describing the self-dressing of the atom-EMF system and the long timescale 
describing the motion of the atom. 

After evaluating adiabatically and combining the retardation correction force with 
the electrostatic force, the atom-wall force is found to be 

Fam(RH ^(±) 3 Ir^e--/= (14) 
57T VdR/ R JO X 2 + O>o 



e 



a hujQ / d \ 3 r°° dk sin(2/cr N '' 
Arc Vdr/ 7o kc + uJn 2ki 



Ro 



kc + uoq 

The first term is the stationary atom-wall force and the second term is a residual force 
which pulls the atom back to its original point of release. The force can easily be turned 
into the potential which the atom feels: 

aohul/d y woo dx 



a huQ f d \ 2 f°° dk sin(2A;r) 



Ro 



4/T Vdr/ Jo kc + u 2kr 

Since the first term in the potential is the stationary atom-wall potential, in the 
regions near and far from the wall it will have the expected inverse powers of distance 
dependence, as shown in Eq. (|T3j). The second term is the residual potential due to the 
motion. 



3.3. Conclusion 

In the traditional (energy gradient) approach, one interprets the force between a 
polarizable atom and a wall as arising from the Lamb shift in the atomic ground state 
energy. Spatial variation of the ground state energy is expected to generate a force 
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which pushes the atom perpendicular to the wall, but the mechanism for such a force is 
not given explicitly. Our approach provides an interpretation of how a net force arises 
from the emission-reabsorption processes in the presence of a boundary. It goes beyond 
Lamb shift calculations in that it incorporates the effect of slow atomic motion. 

The extra correction from our coherent QED calculation makes a verifiable 
prediction. The alteration of the force has its best chance of being measured in 
experiments involving cold atoms bouncing off the evanescent field of a laser beam 
totally internally reflected in a crystal. In those experiments the laser is blue detuned, 
which imposes a repulsive potential to counter the attractive potential of the wall thus 
creating a barrier for cold atoms moving toward the crystal to bounce against. As the 
intensity of the evanescent laser field is lowered the height of the barrier is lowered. At 
some threshold value the barrier height will fall below the classical tunnelling height 
and no atoms will be reflected. The van der Waals, Casimir-Polder, and our coherent 
QED (corrected Casimir-Polder) forces all give different predictions for that threshold 
laser intensity. The calculations done here are for a perfect conductor, not a dielectric 
boundary, so the modifications predicted here should not be applied directly to the case 
of a dielectric boundary. However, a general statement can be made that a coherent 
QED correction will cause a lowered prediction for the threshold laser power, since it 
will tend to decrease the atom-wall attraction. If one naively applies a dielectric factor 
to our result for the conducting plate to compensate for the difference, the present 
prediction for the threshold energy in units of the natural line width (14.8 T) is closer to 
the measured value (14.9±1.5 T), compared to the previously predicted value of (15.3 

r) £U. 

Part II. Detection of Unruh Effect by Accelerating Atoms in Cavity 

4. Unruh Effect: Main Features and Common Misunderstandings 

Unruh effect attests that a particle detector following a uniformly accelerated 
trajectory § in Minkowski spacetime perceives the vacuum of the field as a thermal 
bath. It is a purely quantum mechanical effect since it originates from the vacuum 
quantum fluctuations of the field and is nonexistent for a classical field. We define a 
detector as any quantum system with some internal degree of freedom which couples to 
a quantum environment. Unruh used a monopole detector interacting with a scalar field 
in his exposition. It could also be a two-level atom interacting with an electromagnetic 
field. In this section we briefly discuss several fundamental features of Unruh effect 
whose lack of understanding has caused some confusion in some experimental proposals 
for its detection. We then focus on the Scully et al scheme involving accelerating atoms 
in a cavity field. 

§ In special relativity, an object is considered to be uniformly accelerated if the acceleration always 
remains the same as measured at each instant of time by the observers in the inertial frame where the 
object is at rest at that time. 
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4-1. Interaction between a Moving Detector and a Quantum Field 



We model the moving detector by a harmonic oscillator locally coupled to a massless 
real scalar field <fi in 1 + 1 dimensions and follow the discussions of (UH E] • The total 
action S[Q, <p\ = S osc [Q] + Sf [</?] + S int [Q, 4>] is the sum of three contributions: The action 
for a free harmonic oscillator of mass M and frequency Q is 



^osc [Q] 



dr 



-MQ\r) - -Mn 2 Q'(r) 



(16) 



.2 " v ' 2 

where Q(t) is the internal coordinate of the oscillator which follows a trajectory 
(t(r),x(r)) parametrized by its proper time r. The action for the free massless 



x 1 - 



field 



is 



s t 



dtdx 



|(W)) J -5(W)) a 



;i7) 



The interaction action is 

SWO.fl = "A/ drQ(r)^(^(r)), (18) 

where A is the coupling constant between the field and the detector, represented by the 
harmonic oscillator. The detector couples locally to the field at the spacetime points 
along its trajectory. (For details in the transform between t and r in the integration 
limits, see [TU].) 

The dynamics of the detector (our system S) can be studied by using the influence 
functional formalism [H] for quantum open systems, viewing the field as its environment 
(E). The state of the detector is described by the reduced density matrix p T (Qi,Q' i ,t i ). 
At the initial time t{ assume that the field and the detector are uncorrelated. The 
reduced density matrix for the detector at a later time tf is given formally by 

Qf Qf 



Pr(Q f ,Q' f ,t f ) = / dQ,dQ' t / VQ / VQ'e 



yJ(S[Q]-S[Q'}+S IF lQ,Q'})/^ 



Pr{Qii Qii ti 



Qi 



Q'i 



The influence action Sjf has the following expression: 
Sw[Q,Q'} = -2 P'dr [ T dT'A(T)D(T,T')X(T') 



(19) 



(20) 



+ 



~ Pdr P dr'A(r)N(T,r')A(r'), 

Z JTi JTi 



where A(r) = Q'{t) — Q(r), E(r) = \[Q'{j) + Q{r)} and the dissipation and noise 
kernels are given respectively by (note these simple expressions are valid only for linear 
S-E coupling, see, [TT]): 

"#(r) #(r') 



D(t,t') 
N(t,t') 



2 
1 
2 



dr ' dr' 
d0(r) d<p(r r 



dr dr' 



(21) 
(22) 
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Here [, ] and {, } denote the commutator and anti-commutator respectively, and the 
expectation values are taken with respect to the initial state of the field, assumed to be 
the Minkowski vacuum. 

A uniformly accelerated trajectory for the detector is characterized by 

t(r) = a~ l sinh ar, x(t) = ca~ x coshar, (23) 

where c is the speed of light and ac is a constant that corresponds to the acceleration 
measured by the instantaneously comoving inertial observer at each instant of time. 
When such a trajectory is considered, both the dissipation and noise kernels are 
stationary, i.e. D(t,t') = D(t — r') and N(t,t') = N(t — r'). This follows from 
the fact that both the uniformly accelerated trajectory given by equations (}23|) and 
the Minkowski vacuum state are invariant under Lorentz transformations. (A Lorentz 
transformation simply corresponds to a constant shift of r in equations (|23l ) What is 
more, while the dissipation kernel remains the same as in the case of an inertial detector, 
the noise kernel is equivalent to the result that one would obtain for an inertial detector 
if a thermal state rather than the vacuum were chosen as the initial state for the field. || 
We have modeled our detector by a harmonic oscillator, but one could alternatively 
have considered a two-level system with natural frequency ujq described by the free 
action 

S 2 l S [S + ,S^] = I dThcu S + (r)S4r), (24) 

and an interaction term of the form 

S int [S+, 0] = A J dr (S + (t) + SL(r)) 0(x"(r)), (25) 

where S + and S_ are the Grassmann variables that, when quantizing, give rise to the up 
and down operators for the two-level system, and huo is the energy difference between 
the excited state and the ground state. 

4-2. Stationarity , Lorentz invariance and absence of real emitted radiation 

The behavior of the accelerated detector has the following characteristic features 
(see O HH El , [HIES] and related work quoted therein). During an initial transient 
time, owing to the term involving the dissipation kernel, all the information on the initial 
state of the detector is dispersed into the field, while the detector thermalizes and reaches 
an equilibrium condition with the vacuum fluctuations of the field, perceived as a thermal 
bath. After this transient time, the detector remains stationary, implying that the 

|| Due to the singular behavior of the dissipation kernel, in most cases it is necessary to consider 
smeared trajectories for the detector I n some of those cases the limit in which the size of the 

smearing goes to zero can be taken after renormalizing the frequency of the oscillator-detector. This 
smearing can be introduced in a way that respects Lorentz invariance. Simply multiply the right-hand 
side of equations (|23[) by a factor (1 + c~ 2 ad), which gives rise to trajectories at a constant physical 
distance d from the original trajectory as measured by the accelerated observers, and integrate over 
some smearing function f{d) centered at d — 0, such as exp(— x 2 /a 2 ), where a is the characteristic 
smearing scale in this case. 
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combined system of detector plus field is invariant under the Lorentz transformations. 
Making use of that symmetry one can easily argue that the energy flux of the field must 
vanish. 

Indeed, for the model above, the self-consistent dynamics of the detector and the 
field, including their interaction, can be solved exactly. One finds that indeed the 
expectation value of the stress tensor operator for the field vanishes. However, even 
though there is no flux of energy emitted from the detector, the vacuum polarization 
is altered due to the emission and reabsorption of virtual particles by the accelerated 
detector. This can be verified by computing the two-point quantum correlation function 
of the field (which is still Lorentz invariant) and comparing to the case without detector 
(the correlation function for the free field in the vacuum state) [T2*] . 

There are many subtle points underlying the absence of emitted radiation or energy 
flux in the field from a UAD. Unruh effect is predicated upon the condition that the 
uniform acceleration goes on for an indefinite amount of time, which requires an agent 
doing work on it. If the detector has been accelerating for a finite duration ^T] or if the 
interaction lasts for a finite period of time but switched on adiabatically [35] there will 
be radiation emitted. It also makes a difference whether the backreaction of the field on 
the detector is accounted for. For a preliminary consideration including backreaction, 
see [46J. For a fully self-consistent backreaction calculation involving moving charges, 
see, [H]. We hope to return to these issues in a future investigation |47j . 



5. Accelerated atoms in optical or microwave cavities 

We now describe a scheme recently proposed by Scully et al ]3j to detect phenomena 
related to the Unruh effect based on accelerating atoms inside microwave (or optical) 
cavities. We will only highlight the main features and discuss their relevance to Unruh 
effect. 



5.1. Relevant factors in the detection scheme of Scully et al 

In their theoretical analysis they consider a model consisting of a two-level atom and a 
single electromagnetic mode inside the cavity. They evaluated the change of the reduced 
density matrix for the electromagnetic mode when an atom is injected in a cavity with 
the electromagnetic field in its ground state by working in the interaction picture and 
treating the interaction term perturbatively. They gave an expression for an atom which 
is injected at the proper time 7j with zero initial velocity to quadratic order (the lowest 
nontrivial order) as 



PTl+T rTi+T 1 










L L Tr2LA 


"Ant(r'), 


Hintif"), P2LA(n) <g> Pem{t{Ti)) 




dr'dr" 



where T is the proper time of flight inside the cavity as measured by the atom and Tr 2la 
denotes the partial trace with respect to the states of the two-level atom. Assuming 
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that the dipole approximation is valid in the instantaneous rest frame (IRF) for the 
atom, they write the atom-field interaction Hamiltonian H int as 

F int (r) = K\(t) (a k e~ iut{T)+ik * x{r) + a{e iut(T) - tk * x{T) ) (S+e~ iuJT + 5_e iWT ) , (27) 

where k z = v/c (for the counter-propagating mode we would have k z = —u/c, but 
we will concentrate here on the co-propagating mode), A(r) = fiE'(r)/h, \i is the 
atomic dipole moment and E'(r) = E exp(— ar) is the electric field in the IRF. The 
spacetime coordinates t(r) and x(t) for the trajectory of the accelerated atom are given 
by equations (}2*3*j) with a redefined origin of proper time, i.e., r = r' — r i; such that the 
injection time corresponds to r = 0; in those coordinates the cavity injection point is 
located at x(0) = c/a. 

The coarse-grained evolution equation for a large number of atoms injected at 
random times with an average injection rate (number of atoms per unit of time) r is 
governed by the following Pauli-type master equation: 

-^f - = [{n + l)p n ,n - np n -x,n-i] - Ri [np n ,n ~ (" + l)p n +l,n+l] , (28) 

where n is the number of photons in the cavity and R\ and R2 are, respectively, the 
absorption and emission coefficients computed for an empty cavity, whose precise form 
is given below. The absorption and stimulated emission when there are n photons in the 
cavity is already accounted by the appropriate n and (n + 1) factors in equation (J2EJ). If 
Ri > R2, there is a stationary solution which corresponds to a thermal density matrix 
at temperature T c = (hu/k B ) \n(R 1 /R 2 ). 

From equation (|26|) for a single injected atom and taking into account that the 
injection rate is r, the transition coefficients R\^ for an empty cavity are 

2 



Rit 



1 r T 



h Jo 



dr, (29) 



with Vi(t) = (e,0\Hi nt {r)\g,l) and V 2 (r) = (e, l\H- 1Iit {r)\g, 0), where \g) and |e) denote 
the ground state and the excited state of the atom respectively. Introducing the 
constant A such that A(r) = Aexp(— ar), the transition coefficients can be written 
as R\ } 2 = r\ 2 \Ii^{oj)\ 2 , with ^{oj) = I\{—uj) and h(uj) given by 








v 



I 1 (u)=[ dr- / dT}exp[i-e- aT + iur - ar) , (30) 



a. 



where we decomposed the integral f dr into two separate parts for later convenience 
and some adiabatic switch on at r = —00 (or an equivalent analytic continuation) 
may be required to get a finite result. The emission coefficient corresponds to the 
so-called counter-rotating terms that would have been discarded in the rotating wave 
approximation (RWA). 

If we just consider the first integral in equation (|3*0j). we get an exponentially 
suppressed ratio for the transition coefficients: R2/R1 = exp(— 2iruj/a). This 
corresponds to the case in which the atom-field interaction has been present for a long 
time in the past. On the other hand, when the second integral in equation (|3T)|) is 
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also included, which corresponds to switching on the interaction instantaneously at 
t = (the time at which the atom is injected into the cavity), the situation changes 
drastically. In particular, if we consider the regime v 3> u> ^> a, the ratio becomes 
R 2 /R\ ~ a/(2iruj), which implies an enhancement of many orders of magnitude for 
realistic values of u, u and a %. It is this enhancement factor which Scully et al claim 
to give a better sensitivity in the detection of the radiation which they regard as due to 
the accelerated motion. We will see that this process is not responsible for the Unruh 
effect. 

5.2. Discussion: This scheme does not detect Unruh effect 

We focus here just on two factors, that related to the presence of cavity, and the effect 
of sudden switching on of the interaction. 

Effect of cavity The Unruh effect corresponds to the fact that a uniformly accelerated 
particle detector (the two-level atom in this case) perceives the vacuum fluctuations as 
a thermal bath. The presence of the cavity is going to change that situation because, in 
contrast to free space, the mode spectrum of the electromagnetic fields inside the cavity 
is no longer Lorentz invariant. Therefore, the effect of the vacuum fluctuations on the 
accelerated atom (characterized by the noise and dissipation kernels introduced above) 
will not be stationary and cannot correspond to a thermal bath. 

We emphasize again that, strictly speaking, the Unruh effect refers to the thermal 
bath perceived by the detector, not to possible radiation emitted by the detector from 
the point of view of inertial observers. In fact, as discussed in the prior section, in free 
space (and under some idealized conditions), there is no real radiation emitted by the 
accelerated detector, i.e. no energy flux, just a modification of the vacuum polarization. 

In the scheme of Scully et al^, briefly summarized in the previous subsection, there 
is some probability for the cavity mode to become excited when an atom is accelerated 
inside the cavity. If the atom-field interaction is somehow switched on adiabatically, 
the ratio of the emission and absorption coefficients is exponentially suppressed by 
the Boltzmann factor for a temperature T c = Tia / (2nk-B) , which coincides with the 
temperature of the thermal bath perceived by a UAD in free space with the same 
acceleration. The reason for such a coincidence can be understood qualitatively as 
follows: in the "golden rule" limit (limit of large T with finite A 2 T) one can show 
that the ratio of excitation and de-excitation of a two-level detector with characteristic 
frequency uo induced by each inertial mode in free space is given by the same Boltzmann 
factor exp(— 2-Kuj/a). Nevertheless, the thermal distribution of photons in the cavity is 
not in one-to-one correspondence with the Unruh effect for several reasons. First, the 
atoms accelerated inside the cavity are not in thermal equilibrium because they do not 
perceive the vacuum fluctuations in the cavity as a thermal bath, as explained above. 

% From equations l|23|l it follows straightforwardly that the conditions exp(— cut) <C 1 and v 3> a imply 
that the size of the cavity should be much larger than the wavelength of the cavity mode. 
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Second, the thermal population of photons in the cavity results from a statistically 
independent events of injecting a sufficient number of atoms at random times. Third, 
an analogous thermal population can be obtained even by injecting atoms with constant 
velocity, because the sudden switching on of interaction can produce such a result, as 
described below. 



Effect of sudden switch- on The fact that the atoms are injected into the cavity at some 
initial time is effectively equivalent to suddenly switching on the atom-field interaction. 
In that case, the ratio of emission and absorption is enhanced. In particular, in the 
regime v ^> uj ^> a, it is given by R2/R1 — cx/(2ttuj). As recognized in reference jlj, 
this is entirely due to the nonadiabatic switching on of the interaction. What is more 
relevant to the issues at hand is that with non-adiabatic switch-on, the acceleration no 
longer plays a crucial role. Indeed, in that regime the emission rate is A 2 1 ^2 1 2 ~ X 2 /u 2 
and is thus independent of the acceleration. It is true that the absorption coefficient 
still depends on the acceleration, which is a consequence of the resonance when the 
increasingly redshifted frequency z/exp(— ar) of the cavity mode as perceived by the 
atom coincides with the frequency uj of the atom, but this is not essential. 

This important point can be illustrated by considering the case in which the atoms 
are injected with constant velocity into the cavity. As mentioned in reference j3], the 
ratio becomes then 



R2 

Rx 



v' — UJ 



UJ 



1 _ e -i(^+w)T 



-i(u'-w)T 



2 



(31) 



where T is the time that the atom spends in the cavity and v' = ^{1 — v/c) 1 ^ 2 / (1+v /c) 1 / 2 
is the Doppler shifted frequency of the co-propagating cavity mode (the velocity sign 
should be changed for the anti-propagating mode). 

Due to space restriction we can only raise two issues in this detection scheme. Even 
though this detection scheme, like a few earlier ones proposed, does not capture the 
essence of Unruh effect, it is still a good intellectual exercise to expound the physics of 
the core processes in the proposals. This is because Unruh effect brings up interesting 
new issues related to the vacuum fluctuations, polarizations and energy flux in the 
quantum field, as influenced by different motional states of the atoms or detectors. 
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